In this paper, we present a B2V CCD colour-magnitude diagram (CMD) of the globular cluster M13 (NGC 6205), reaching down about 2 mag below the main sequence turn-off, based on a new, independent photometric calibration.
I N T R O D U C T I O N
The study of the globular cluster system of our own Galaxy has long been widely used as a primary tool for a series of different astrophysical problems, ranging from stellar evolution to cosmology. Though all clusters may be regarded as important in this respect, there are some objects, e.g. M13, which are traditionally regarded as pivotal for yielding basic information.
M13 (NGC 6205) , one of the brightest globulars in the northern sky, is in many respects a twin of M3 (NGC 5272). In fact, they have almost identical total mass, density and overall metal abundance (see table 1 in Ferraro et al. 1997a, hereafter F97a) . On the other hand, since it has long been known that their colour-magnitude diagrams (CMDs) display strongly different horizontal branch (HB) morphologies, the pair M13-M3 is commonly considered a classic prototype of the so-called second parameter problem (Catelan & de Freitas Pacheco 1995, hereafter CFP95; F97a and references therein) , and a complete understanding of the similarities and differences of this pair of clusters is crucial for the solution of this longstanding problem (Sandage & Widley 1967; Rood 1973) .
While M3 represents one of the main templates for studying large samples of Population II stars (see Buonanno et al. 1994; Ferraro et al. 1997b, hereafter F97b) , M13 has become the target of several investigations on the nature of the chemical anomalies that are present among red giant branch (RGB) stars (Kraft et al. 1992; Peterson, Rood & Crocker 1995; Smith et al. 1996; Carretta & Gratton 1996) . Thus, despite its relevance, M13 has been extensively studied only by spectroscopic means, while wide and accurate photometric analyses are still missing from the literature.
Hubble Space Telescope (HST) investigations of the central regions of M13 are being carried out by our group (see F97a for some preliminary results). Within this framework, the ground-based photometry of the outer regions presented here is complementary to our HST observations. In Section 2, observations and data reduction are presented. Comparisons with early photometric studies are dealt with in Section 3, while Section 4 is devoted to presentation and discussion of the main results.
O B S E RVAT I O N S A N D DATA R E D U C T I O N
As previously stated, despite its relevance, no accurate photometric calibration of the M13 cluster is available in the literature. In fact the photometric standard sequence commonly used in the most recent photometric work (see Section 3) was obtained by Sandage (1970) . We therefore decided to secure a new, independent CCD-calibration of our own data set.
The CCD data presented here were obtained with the 1.23-m telescope at the German-Spanish Astronomical Center, Calar Alto, Spain on 1995 April 2, during a run devoted to obtaining accurate photometric calibrations for a sample of Galactic globular clusters (GGCs).
The detector was a thinned 1024 1024 Tektronics chip (24-m pixels, 0.50 arcsec pixel 21 ), yielding a total field of view of #8.5 8.5 arcmin 2 . Table 1 reports filters, exposure times and seeing for each frame. A short V exposure was specifically taken to avoid strong saturation effects near the tip of the RGB and asymptotic giant branch (AGB).
The field of view of the CCD frames is displayed in Fig. 1 . In the local reference frame, the cluster centre could be roughly located at pixel x:640 y:573.
Data reductions have been carried out using the package for crowded field photometry ROMAFOT (Buonanno et al. 1983 ), the standard procedures of which have already been reported elsewhere (Ferraro et al. 1990 ). Since crowding conditions and photon statistics play a critical role in the final accuracy actually achieved in the instrumental magnitudes, we avoided the inner cluster regions and limited the search to objects with r330 pixel (i.e. r165 arcsec from the cluster centre). No special requirement has been involved either in the searching phase or in measuring the instrumental magnitudes via the standard point spread function (PSF) fitting procedure.
The transformation to the Johnson standard system was obtained using 18 stars in 7 CCD standard areas (Landolt 1983) . All standard stars were measured with the 'aperture' photometry routine of ROMAFOT. The equations relating the 'aperture' instrumental magnitudes to the Johnson system are those already presented by F97b (their fig. 3 ) and reported below for the sake of completeness. 
where b and v are the instrumental magnitudes. The atmospheric extinction terms in each colour have been taken into account by observing the same standard fields at different airmass during the night; they turn out to be c B :0.23 and c V :0.15. The most isolated unsaturated stars in the field of view of the cluster were then used to link the instrumental magnitude, coming from the fitting procedure, to the 'aperture' magnitude used to obtain equations (1) and (2). Since these are the equations we adopted to calibrate M3 (F97b), which was observed during the same night, this will ensure an homogeneous treatment of the calibration for the two clusters, and it makes the comparison of the two somewhat more reliable (at least as far as the photometric zero-point is concerned). The calibrated V, B2V CMD for more than #5000 stars measured in the considered field (r165 arcsec) is shown in Fig. 2 .
The complete table will be available in electronic form at the Centre de Données astronomiques de Strasbourg. The individual columns report: (1) identification number; (2) Johnson V magnitude; (3) Johnson B magnitude; (4) and (5) X and Y coordinates in pixel, where pixel (1,1) is at the bottom left of the field.
Error estimates
Since we have only one frame in B and two in V (but with quite different exposure times), we cannot use repeated measures of the same star to yield a direct estimate of the internal measuring errors.
However, we can get some quantitative hints from the photometric parameters listed for each star within ROMAFOT (which essentially traces the quality of the fit of the analytic PSF -in our case a Moffat function -to the stellar image). From the analysis of these quantities, the average internal errors in the present photometry are V # B #0.05 mag at the turn-off level (V#18).
C O M PA R I S O N S W I T H O T H E R S T U D I E S
Despite the quoted relevance of this cluster to yield a better understanding of many aspects of stellar evolution, only a few photometric studies have been published so far, namely Sandage (1970, hereafter S70) , Cudworth & Monet (1979, hereafter CM79) , and Guarnieri, Bragaglia & Fusi Pecci (1993) . Moreover, all of them are tied to the calibration presented by S70. Preliminary CMDs for M13 have been presented by Montgomery & James (1994) and Stetson (1997) , but no comparison was possible with these photometries as full data-sets are still unpublished.
Comparison with S70 and CM79
CM79 presented a study of the proper motions for a sample of 443 bright stars in the region of M13. They measured stars with V15.5, between 1.8 and 13.6 arcmin from the cluster centre, and V13.6 for r1.8 arcmin. Since they are primarily interested in getting accurate membership, they reviewed the available B,V photometries (Lundendorf 1905; Baum 1954; Arp 1955; Arp & Johnson 1955; Savedoff 1956; Kadla 1966; Sandage 1969 Sandage , 1970 Sawyer-Hogg 1973) and tied their adopted magnitudes to the S70 system.
The field of view covered by our observations is fully enclosed in the total field considered by CM79, and we identified 99 stars in common with their list. The residuals (this paper2CM79) in magnitude and colour are plotted versus their colour in Fig. 3 .
As can easily be seen from the analysis of Figs 3(a) and (b), a clear, similar trend with colour is evident for both the B and V residuals. As a consequence, the residual correction in colour, though still present, is much lower. The filled circles in Figs 3(a)-(c) are the five stars brighter than V#15.5 in common with CM79 having the original photometry of S70.
Six other stars (fainter than V15.5, and for this reason not considered by CM79) can be cross-identified between our present photometry and S70. The residuals for the 11 stars in common with S70 have been plotted in Fig. 4 versus colour (the filled circles are stars with V15.5 included also by CM79; the empty circles are stars with V 15.5).
As can be seen, there is a strong trend of the B and V residuals with varying star colours. Since, moreover, the two detected trends run in opposite directions in the two filters, a strong residual colour term exists between our photometry and that of S70, in the sense that our data are #0.2 mag redder at (B2V):0.4 and #0.12 mag bluer at (B2V):1. These corrections are much stronger than those obtained in the comparison with CM79, mostly because CM79 limited their analysis to stars brighter than V15.5. In fact, the detected trend with colour is mainly driven by fainter stars: this evidence suggests that in the S70 photometry there is probably a strong dependence of the V and B residuals on star magnitude. This effect is confirmed in Fig. 5 , where V and B have been plotted versus the corresponding magnitudes. Admittedly, this evidence is obtained from a small number of stars, since most of the fainter stars in the S70 sample lie outside our field. However, a similar trend has already been detected by F97b in M3 while comparing their new independent CCD photometry with the old calibration obtained by Sandage & Katem (1982) , substantially equal to the original S70. That comparison is actually based on a sample of 81 stars (see fig. 6 in F97b) and indeed presents the same pattern reported in Fig. 4 . Since the photometry of the M13 and M3 stars was secured using the same apparatus for both clusters in both studies, this adds support to the evidence that strong systematic differences are present between the calibration adopted here (and in F97b) and that used by S70. In our opinion, the fact that such a colour effect depends strongly on star magnitude suggests that it might be the result of a different treatment of the background level in the old photographic photometries.
As well as the comparisons in magnitude and colour, the CM79 sample can also be useful by yielding a first direct hint as to the degree of completeness actually achieved in the present study, namely from the RGB-tip down to V:15.5. In Fig. 6 , compare the V, B2V colour magnitude diagram we obtained with that resulting from the CM79 list, using only stars found in the region in common to the two studies.
In this region CM79 list 99 stars while we detected 147 objects, down to V#15.5. All the 99 stars were successfully cross-identified, whereas 48 stars from our survey had no counterpart in CM79. However, we note that most of these stars actually lie just above the threshold (V:15.5) in the CM79 sample.
In conclusion, Figs 6(a) and (b) seem to confirm the high degree of completeness achieved by our survey and the overall good internal quality of our photometry (the latter is also supported by the very tight appearance of the main branches).
R E S U LT S : T H E C O L O U R-M A G N I T U D E D I A G R A M
While the upper branches in our CMD are quite well defined, the lower part is smeared out as a result of the quite bright limiting magnitude of our frames.
The outstanding feature in the CMD presented in Fig. 2 is surely the extraordinary extension of the HB: the blue tail is one of the longest detected so far in any GGC, and it extends down #1 mag below the main-sequence turn-off (MSTO). No similar tail has been detected in any previously published ground-based photometry of this cluster nor in the CMD based on pre-refurbished HST/PC-1 images recently published by Cohen et al. (1997) , but see F97a for some preliminary results from HST/WFPC2.
Other aspects worthy of note are:
(i) the main branches are well-defined: in particular, the RGB and the AGB can be separated quite easily at the AGB base, located at V#14.2;
(ii) the giant branch can easily be traced up to the tip, which is located at V#12. (iii) the RGB bump is also detectable as a clump of stars at V#14.75 (see Sectoin 4.3); and (iv) the bulk of stars located just above the turn-off region within the colour range 0.5B2V0.62 are most likely a result of the optical blending of two bright mainsequence stars of similar colour, resulting in a blend approximately 0.75 mag brighter than the individual components.
The horizontal branch: morphology and ZAHB level
As already noted, the HB shows a very long blue tail, extending from the hotter edge of the RR Lyrae instability strip down to V#19.3. Moreover, the distribution of stars on the HB presents two clear caps at V#15.5 and V#18, and there is a weak indication for the existence of a region at V#16.8 where the HB stars distribution seems to decrease. These gaps are also present (at the same locations) in the preliminary V,U2V CMD we obtained from the HST/WFPC2 observations, sampling the very inner cluster regions (r150 arcsec, see F97a), and we defer the discussion of the statistical significance of these gaps until the final data reduction of the HST central field has been performed.
The redder part of the HB is quite narrow, while a growing scatter in colour can be noted at the blue end, where the limiting magnitude of our photometry is approached, particularly in the B band. Because of its blue HB morphology, M13 has just a few RR Lyrae variables, probably evolved. Preston, Shectman & Beers (1991) reported the detection of only 3 RR Lyraes in the whole cluster. These stars are V5, V8, V9 listed in the Sawyer-Hogg (1973) compilation. A careful check of the coordinates has shown that none of these stars fall within the region considered in the present study.
A traditional approach to determining the level of the zero-age horizontal branch (ZAHB) is by adopting as V ZAHB the lower envelope in magnitude of the HB distribution within the instability strip (corresponding to T eff #3.85). Because of its HB morphology (only populated in the bluer part from the RR Lyrae gap), this technique is clearly not applicable in the case of M13. We have thus adopted the procedure already used in other clusters with a blue HB (see Ferraro et al. 1992 ). In particular, we have here considered as a reference cluster M3 which has the same metallicity and a well-populated HB. In M3, V ZAHB turned out to be V ZAHB :15.70<0.05 (F97b). To obtain V ZAHB in M13 we thus simply shifted the (blue) HB of M3 to fit the blue HB of M13. Only stars bluer than (B2V):0.1 have been used since, as previously noted by CFP95 and F97a, the reddest HB stars in M13 could be significantly evolved from the ZAHB. This procedure immediately yields V M13 ZAHB :15.05<0.10, where the errors are substantially driven by the ability to get the best fit between the two branches.
To show the results of such a procedure, in Fig. 7 the nonvariable HB stars with r100 arcsec in M3 (small solid dots) from F97b have been shifted to match the blue HB of M13 (emtpy circles): the solid line is the adopted ZAHB level. From this figure it is also interesting to note that the first gap in M13 is almost coincident with the blue edge of the HB population in M3.
Mean ridge lines for M13
Since crowding worsens the quality of the photometry in the inner cluster regions, to better define the location of the lower RGB, sub-giant branch (SGB), and TO region we plotted in Fig. 8 a composite CMD in which the heavy line separates two zones of the diagram: in the upper part, we plotted only stars with r165 arcsec (as in Fig. 2) , while in the lower part, only stars with r430 arcsec have been reported.
Based on this composite sample, mean ridge lines for each evolutionary phase have been derived by plotting magnitude and colour histograms along each branch and by rejecting the most deviating objects via a k -clipping procedure. The normal points for the main branches so obtained are listed in Table 2 .
CCD photometry of M13 439
© 1998 RAS, MNRAS 293, 434-442 
The red giant branch bump
Theoretical evolutionary models predict the existence of a special feature along the RGB called the 'RGB bump' (Renzini & Fusi Pecci 1988) .
As emphasized by Rood & Croker (1989) , the RGB luminosity function (LF) is the best tool with which to identify this feature. To construct the RGB LF we selected stars in the magnitude range 12V17 located within <2 from the cluster fiducial line listed in Table 2 .
In Figs. 9(a) and (b) , the differential and integral RGB LF have been plotted as a function of the V magnitude, respectively. As discussed by Fusi Pecci et al. (1990, hereafter FP90) and Ferraro (1992) , the 'bump' in the counts of the differential RGB LF and the change in the slope of the integral RGB LF are two independent tools with which to locate the RGB bump. Figs. 9(a) and (b) both show these special features, which can be located at V:14.75<0.05, quite clearly.
FP90 detected the RGB bump in a sample of 11 globular clusters, and defined the parameter V HB bump :V bump 2V ZAHB . In M13 (not included in F90) this quantity turns out to be V HB bump :20.30<0.12. Fig. 10 shows the dependence of this parameter on the hyperbolic arcsine of the metallicity [sin h 21 (Z/0.0025)] for the clusters considered in the F90 paper.
2 The value obtained for M13 is indicated as a filled circle in Fig. 10 . The relation obtained by F90 is also reported as a solid line. As can be seen, the value obtained for M132 fits the relation properly.
C O M PA R I S O N W I T H M 3 A N D R E L AT I V E A G E S
Adopting the mean ridge lines derived in the Section 4.2 we can directly compare the overall morphology of the M13 CMD loci with those observed in the twin cluster M3.
In Fig. 11 clusters [E(B2V) M3 :0.01 and E(B2V) M13 :0.02, see Peterson 1993] .
From the inspection of Fig. 11 one can draw the following conclusions.
(i) The degree of overlapping among the two cluster loci for the brighter part of the CMD is quite impressive.
Actually, there is only a small residual difference in magnitude at the very red end of the RGB (close to the tip), probably a result of the presence of AGB stars which can hardly be separated from the RGB at this level of magnitude.
(ii) There is a small difference in colour at the SGB level (V#18-19).
The origin of such a difference can be the result of various reasons related to errors in the available photometry and/or of intrinsic variations in the cluster main parameters.
On the photometric side, one must note that a small (though as yet unknown) residual correction in the M3 data set could be possible, since the fainter region of the M3 CMDS comes from photographic photometry (Buonanno et al. 1994) and was corrected to linearity from residual distortion by F97b. Although extreme care was adopted to make these linearity transformations and checks, the need for residual corrections as low as 0.01-0.02 mag cannot be excluded in the SGB and TO regions. Of course, only a new and totally independent photometry could settle this photometric issue. Kraft et al. 1992 and Gratton 1997) . Moreover, they have substantially the same mass (log M/M ᖿ :5.8; Trager, Djorgovski & King 1993) and the same central density [log :3.4, Trager et al. 1993 ; also see table 1 in F97a and table 1 in Catelan & de Freitas Pacheco (1995-CFP95) for more information on the structural and observational parameters of these clusters]. So these quantities seem to be too similar (within the uncertainties) to explain the observed difference.
CCD photometry of M13
On the other hand, the comparison reported in Fig. 7 shows the existence of a remarkable difference in the HB morphologies of the two: M13 has HB stars which populate only the region of the CMD bluer than the instability strip and shows a long blue tail extending #4 mag (from V#15 down to 19); M3 has a uniformly populated HB with a much shorter extension in the blue. As is well known, the existence of a significant difference in the age of the two clusters (of #3-5 Gyr) has often been indicated as the 'second parameter' able to explain the observed HBs (Lee, Demarque & Zinn 1994 ; but cf. the discussion in CFP95, Fusi Pecci et al. 1993 and Buonanno et al. 1997) . Therefore, if the ages of the two clusters are so different based on the HB morphology, one would expect to detect a corresponding difference in the comparison of the SGB and TO regions. Since some difference is apparently present there, the question is: can we estimate an upper limit to the age difference between these two clusters based on the SGB and TO regions, and is this difference compatible with that estimated from the HBs?
To answer this important question quantitatively, one should in principle use both the so-called vertical method, based on the measure of the V HB TO parameter (see f.i. Buonanno, Corsi & Fusi Pecci 1989, hereafter BCFP89) , and the horizontal method, based on the measure of (B2V), defined by VandenBergh et al. (1990) . As is well known and is thoroughly discussed in the reviews by VandenBergh et al. (1996) and Stetson et al. (1996) , both methods present several pros and cons. Unfortunately, our photometry does not reach the MS with the accuracy needed to apply the horizontal method satisfactorily; we will therefore base our analysis on the vertical method only. As emphasized by CFP95, particular care should be given to estimating evolutive terms when the V HB TO parameter is used to derive differences in age between clusters with quite different HB morphologies. This problem can be avoided (or at least reduced) by strictly adopting the same criterion to determine V ZAHB and V TO for the two clusters. From Table 2 :3.4<0.14. Hence, from these data the difference in the observed parameters turns out to be ( V ZAHB TO )#0.10<0.15 mag. BCFP89 computed the dependence of V HB TO on the cluster age. Since, using 'standard' evolutionary models, one has #0.07 mag Gyr 21 , the immediate conclusion is that, if the difference reported above is correct, M3 turns out to be #1-1.5 Gyr younger than M13. Of course the precision of this result is somewhat undermined by the still-limited extension in magnitude of the MS in M13. However, it agrees with other independent evaluation of the age difference between these two clusters. CFP95 concluded that M3 and M13 have virtually indistinguishable ages, and set an upper limit to the age difference of t3 Gyr. Moreover, using (V, U2V) and (U, U2V) CMDs obtained from homogeneous HST data, F97a have concluded that the age difference between M3 and M13 is very probably less than t#1-1.5 Gyr.
In conclusion, since the evidence presented here is fully compatible with previous results, we are quite confident to exclude the existence of a difference in age between M3 and M13 as large (#5 Gyr) as would be needed to explain the observed difference in their respective HB morphologies in terms of age alone.
Further detailed comparisons and discussions are postponed to a future paper, in which the entire data sets (including those secured from HST observations) will be considered.
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